INTRODUCTION
5-Aminolaevulinate synthase (ALA synthase, EC 2.3.1.37), which catalyses the formation of ALA from glycine and succinylCoA (3-carboxypropionyl-CoA), is the first enzyme of the haembiosynthetic pathway [1] . Its activity has been studied extensively in the erythropoeitic system and in liver, where it is the ratecontrolling enzyme, and also in bacteria and yeasts. The many methods available are an indication of the difficulty its assay presents. Colorimetric assays [2, 3] , based on the reaction of Ehrlich's p-dimethylaminobenzaldehyde reagent with the pyrrole formed by the reaction of ALA with a diketone, are generally simple, rapid and cheap, but are insufficiently sensitive for many applications. Radiochemical assays with labelled glycine, 2- oxoglutarate or succinate [4] [5] [6] [7] have been used extensively. Lack of specificity due to radiochemical impurities has been a general problem, although recently this may have been overcome by the use of h.p.l.c. to separate the pyrrole derivative of ALA [5, 8] .
Another sensitive assay [9] is based on measurement of the fluorescence of uroporphyrin formed from ALA by coupled sequential enzyme reactions with ALA dehydratase and hydroxymethylbilane synthase, but has not been widely used.
The present work reports an assay for ALA synthase activity based on measurement of an ALA derivative by g.l.c. with electron-capture detection. A similar method described previously to measure ALA [10, 11] could not be used in assays because the high concentrations of glycine used as substrate resulted in interfering peaks. Replacement of acetylacetone by ethyl acetoacetate for pyrrole formation, however, allowed the development of a specific method with a sensitivity comparable with that of radiochemical assays. The new derivatives of ALA and of 6-amino-5-oxohexanoic acid, used as internal standard, are described, and some applications of the assay are shown. [10] or were of the highest grades commercially available.
MATERIALS AND METHODS
Protein measurement This was done by dye-binding [12] , with BSA as a standard.
Chromatography Ion-exchange on Dowex 50 (H+ form) and t.l.c. were as previously described [10] , but the markers used in t.l.c. were the corresponding ethyl acetoacetate derivatives.
G.l.c.
This was done with a Pye-Unicam PU 4500 chromatograph, PU 4700 automatic injector and Spectra Physics 4270 computing integrator as previously described [10, 11] , but the column oven was operated isothermally at 245°C with the injection port at 260°C and the detector at 280 'C. Fig. 11 . This was synthesized and recrystallized essentially as previously described [13] .
Vol. 270 Abbreviations used: AIA, 2-allyl-2-isopropylacetamide; ALA and C5, 5-aminolaevulinic acid; C6, 6-amino-5-oxohexanoic acid; EAA, ethyl acetoacetate; AA, acetylacetone; ALA-pyrrole, 4-acetyl-5-methylpyrrol-3-ylpropanoic acid; C6-pyrrole, 4-acetyl-5-methylpyrrol-3-ylbutanoic acid; C5-EAA-pyrrole, 4-ethoxycarbonyl-5-methylpyrrol-3-ylpropanoic acid; C6-EAA-pyrrole, 4-ethoxycarbonyl-5-methylpyrrol-3-ylbutanoic acid; pfb, pentafluorobenzyl; g.c.-m.s., gas chromatography-mass spectrometry. Assay of ALA synthase activity. Portions of rat tissue homogenates were incubated at 37°C in a final volume of 0.6 ml in unstoppered polypropylene centrifuge tubes in a shaking water bath. Up to 0.1 ml of homogenate (10% , w/v) was added, smaller volumes being adjusted to 0.1 ml with the suspension medium described above. The basic assay medium contained (final composition) Tris/phosphate buffer, pH 7.4 (40 mM), glycine (50 mM), sucrose (250 mM), EDTA (10 mM), MgCl2 (20 mM), succinylacetone (0.1 mM), pyridoxal 5'-phosphate (0.4 mM) and succinate (2 mM). When cofactors were added, these consisted of ATP (10 mM), CoA (0.1 mM) and KF (50 mM) or ofGTP (10 mM), CoA (0.1 mM) and succinate thiokinase (0.3 unit) with or without KF (50 mM). After incubation, 6-amino-5-oxohexanoic acid hydrochloride (C6HCI, 826 pmol in 0.15 ml of water) was added as internal standard, and the reaction was terminated by adding 1 ml of 5 % (w/v) trichloroacetic acid. After centrifugation at 2500 g for 15 min, the supernatants were diluted to 3 ml with ion-free water and loaded on the Dowex 50 (H+ form) columns for measurement of ALA as previously described [10] , but with the use of ethyl acetoacetate instead of acetylacetone for the pyrrole formation step.
RESULTS AND DISCUSSION
The structures of the pentafluorobenzyl derivatives of the pyrroles obtained by Knorr-type condensation of ALA and C6 with ethyl acetoacetate were found to be analogous to the compounds obtained with acetylacetone [10] (Fig. 1) . From the mass spectrum and elemental analysis a single pentafluorobenzyl group was present, esterifying the propionic acid or butyric acid function. 'H n.m.r. indicated that the ethyl group had not been removed, and that the pyrrole NH was unsubstituted. The ALA and C6 pentafluorobenzyl derivatives did not separate in the t.l.c. system used for their partial purification, but resolved well from each other on g.l.c. (Fig. 2) and also from intervening material that had also failed to separate on t.l.c. Standards taken through the entire procedure and products of incubation from the assay of ALA synthase activity showed the same pattern. They may be pentafluorobenzyl derivatives of the unidentified Vol. 270 compounds presumed to be produced by the reaction of glycine with ALA-pyrrole [compound (5) in Fig. 1] [3] and analogously therefore with C6-pyrrole [compound (6) in Fig. 1] .
The pentafluorobenzyl derivatives of C5-EAA-pyrrole and C6-EAA-pyrrole were eluted more rapidly on g.l.c. than the corresponding AA derivatives. The column could thus be operated at a lower temperature. Typical retention times for EAA derivatives at 245°C were 8.05 min and 11.8 min for the C5 and C6 compounds respectively, compared with 9.07 min and 13.44 min for the AA derivatives. On t.l.c. the EAA derivatives had higher RF values (relative RF 1.29). Sensitivity of detection on g.l.c. was similar, however, with a lower limit of measurement on column of 1 pg (approx. 2 fmol).
Literature values for ALA synthase activity in rat liver homogenates determined by different methods span a wide range of values, e.g. 20-120 pmol of ALA formed/h per mg of liver [3] and 39 pmol/h per mg of protein [9] , which depend in part on the conditions of the assay and the preparation of the tissue. Regardless of the absolute values reported, however, activity of the enzyme has been shown to increase approx. 10-fold after treatment of the animals with an inducing agent such as AlA [15] . The activity of ALA synthase was therefore measured in normal liver and after induction with AIA as a means of Table 1 . Activity of ALA synthase in rat liver homogenates ALA synthase activity was assayed as described in the Materials and methods section in homogenates prepared from white Wistar rats. Fresh tissue was assayed within 60 min of death. Frozen tissue refers to the same homogenates kept at -18°C for 4 weeks and thawed once only. Pretreatment with AIA is described in the Materials and methods section. validating the assay described. Activity was measured without and with added cofactors to compare endogenous with enhanced activity, and also in homogenates kept at -18°C for up to 6 weeks. The assay conditions used were otherwise based on general methods reported in the literature. Succinylacetone was used in addition to EDTA for complete inhibition of ALA dehydratase [8] . It was confirmed by adding it to standards that it did not affect pyrrole formation with ethyl acetoacetate that was used at approx. 450 times greater concentration. KF was used to inhibit ATPases [16] .
ALA synthase activity
ALA synthase activity was readily demonstrable in whole liver homogenates without addition of cofactors or a succinyl-CoAgenerating system, but markedly greater activity was obtained with cofactor supplements. The combined use of ATP, CoA and KF enhanced activity (Table 1) (Table 1) .
Activity was proportional to the amount of liver homogenate and could be readily measured with 5 jal of a 10 0() (w/v) homogenate (100-140 ,ug of protein) incubated for 1 h (Fig. 3) . The reaction was linear for at least 2 h. The sensitivity of the assay is thus about 100 times greater than standard colorimetric assays requiring 500 #tl of a 10 0% (w/v) liver homogenate [3] .
Activities were determined also in homogenates of rat spleen, kidney, brain and heart from an AIA-treated rat. The low activity in brain ( Purified human lymphocytes obtained from one normal subject had an activity of 57 pmol of ALA/h per mg of protein, which is at the lower end of activity reported for unfractionated peripheral leucocytes (50-300 pmol of ALA/h per mg of protein) [19] .
No attempt has been made in this work to establish optimum conditions for assay of ALA synthase. These will vary with the individual tissue and its preparation. The different studies show, however, that the method described can provide a highly sensitive measuring system for ALA produced in such assays and avoids possible lack of specificity due to radiochemical impurities. The method may be suitable also for the measurement of ALA formation in plant tissues, provided that the enzyme systems that use the C5 skeleton of glutamate for ALA synthesis [20] do not generate interfering compounds. Table 3 . Activity of ALA synthase in fresh rat liver and spleen homogenates
The enzyme was assayed in homogenates from Lewis rats under the conditions described in the Materials and methods section and in the legends to Tables 1 and 2 .
